Abstract-This paper investigates a behavior-based control system for an autonomous underwater vehicle (AUV) to adaptively map a turbulent plume. The objective of this paper is to describe and verify the control system developed in a simulation environment, which aims to apply it for adaptively mapping deep-sea hydrothermal non-buoyant plume. The proposed behavior-based control system is implemented on an AUV to perform in-water tests. The successful field experiments demonstrate that the control system effectively navigates the AUV to map a rhodamine plume developed in near-shore ocean environment.
demonstrated their great potential for future applications. In most of the current hydrothermal plume mapping missions, the widely used mapping strategy is the pre-planned lawn-mower [4] [5] , in which the AUV covers the whole prescribed mapping area which is assumed to contain the plumes. In ocean environment, the hydrothermal plumes are transported by non-steady and non-uniform fluid flow, sometimes by stratified and changing tidal currents, thus it is usually hard for the mission operators to predict the accurate location of the dynamic plumes and consequently hard to design an effective mapping area. Meanwhile, the plumes usually occupy part of the mapping area; therefore, the pre-planned lawn-mower is inefficient also in that the AUVs have to cover the whole mapping area. Therefore, in order to improve the efficiency and scientific-yield of the AUV-based hydrothermal plume mapping, many researchers have started investigation into autonomous and adaptive hydrothermal plume mapping strategies and their related AUV techniques [4] [7] [8] .
In this paper, we propose an adaptive turbulent plume mapping strategy, which is aimed to be applied to adaptive mapping of hydrothermal non-buoyant plumes with an AUV. And we developed a behavior-based control system for an AUV to realize this strategy in a simulation environment. In order to verify the control system, we implement it on an AUV to perform in-water tests. This paper presents the control system and its successful experimental results. This paper is organized as follows. In section II, a short description of the simulation environment and the control system architecture are presented. Then the adaptive plume mapping strategy and design of the AUV behaviors are described in section III. Performance of the control system in the simulation environment is demonstrated in section IV. The experimental setup is given in section V and the experimental results are reported in section VI. At last, conclusions are discussed in section VII.
II. SIMULATION ENVIRONMENT AND CONTROL SYSTEM ARCHITECTURE

A. Simulation Environment
In order to support the research and development of control strategies of AUVs for autonomous hydrothermal plume survey, we developed a simulation environment using C++ programming language, and its screen display is shown in Fig.  1 . In the window, the upper part displays the sensor readings of the plume tracer for last 20 seconds, the right part shows the real-time AUV status and sensor readings, and the main part in the middle displays the flow field, turbulent plume and the surveying AUV trajectory (the dots on the AUV trajectory are The flow field and turbulent plume in the current environment are not simulations of real ocean environment and hydrothermal plumes, but are counterparts that reflect the basic characteristics of the ocean current field (varying with time and space) and non-buoyant hydrothermal plumes (intermittency, large scale, and meander), which are necessary and sufficient to verify our designed AUV control strategies. Please refer to [9] for detailed description of the flow field and turbulent plume simulation.
B. Behavior-Based Control System Architecture
High-level AUV control architecture design is an important problem in the design and development of AUV control systems. Behavior-based control systems have many favorable features [10] such as fast response to instantaneous sensor data and low computational complexity, which are suitable for these adaptive dynamic plume mapping missions that require the AUVs to react rapidly to the collected sensor data. Behavior-based approach has been adopted by many researchers for their applications, such as bio-inspired chemical plume tracing [11] and adaptive ocean element sampling [12] , which have demonstrated the suitability and advantages of the behavior-based approach. Therefore, we choose the behavior-based architecture.
The modularity and flexibility of the behavior-based control system are our primary concern, because we will implement and test a variety of control strategies and behaviors in our simulation study, hence the developed behaviors in the control system should be reusable, portable and easy to modify in order to save coding work and facilitate our software development. Therefore, in the simulation environment, we adopt a modular architecture which is composed of four chained modules: supervisor module, behavior module, guidance module and motion controller module.
The supervisor module is responsible for coordination of the behaviors. The supervisor is a discrete event supervisory controller, and is a finite state automaton driven by discrete events which are abstracted from sensor data or outputted from designed behaviors. When some events occur, the supervisor reacts and sends controllable events to the behavior module according to its control strategy. The supervisor module is independent of the other modules, and it is allowed to plug and play. For different AUV plume mapping strategies which use the same behaviors, we need only select the corresponding supervisor, without any alteration in the other modules that have been designed and tested.
The behavior module is a set of AUV task-level behaviors, and each behavior corresponds to a controllable event in the supervisor module. For the behaviors which are designed to do computation only, they output the results to a blackboard structure in this module, or output the abstracted results or events to the supervisor module. For the behaviors which maneuver the vehicle, they send the guidance commands and their corresponding arguments to the guidance module. The behaviors in this module are designed to be independent; therefore the addition of new behaviors, modification or deletion of existing behaviors will not affect other behaviors and the guidance and motion controller modules.
The guidance and motion controller modules are the low-level part of the control system. The guidance module is a set of designed guidance functions may be called by the designed behaviors. In the current control system, we have designed GoToPoint (steers the AUV to a destination), and PathFollowing (steers the AUV to follow a given path) etc guidance functions [13] . These guidance functions generate continuous kinematic reference signals such as heading, pitch and forward speed for the AUV to track according to the input arguments given by the behaviors, and send these signals to the motion controller module, which is responsible for the kinematic variables control. The motion controller module is the set of AUV motion controllers such as PID controllers, and it outputs the control commands to the hardware drivers of the AUV's propellers and control planes' motors.
III. MAPPING STRATEGY AND AUV BEHAVIORS
A. Mapping Strategy
In this paper, we consider the adaptive mapping of the non-buoyant part of a turbulent plume. The strategy proposed is referred to as adaptive lawn-mower. When the AUV has left the plume for a prescribed distance, then it ends the current trackline and goes on to the next trackline, thus maps the area that contains the plume. The assumptions made relative to the strategy are that there is only one plume for the AUV to map, and the AUV starts its mapping mission from the downflow part of the plume that can be detected by the sensor and then maps the plume along the mean upflow direction in horizontal plane.
B. Design of AUV Behaviors
For the proposed adaptive plume mapping strategy, we have designed the following AUV behaviors: ( , )
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x y of the trackline for the AUV to follow, based on the specified mapping area, the last trackline AUV has followed, the leg L and the current AUV location. After the computation, this behavior judges if the computed trackline is inside the predefined mapping area. If the trackline is inside the mapping area, this behavior outputs this event W_s to the supervisor; otherwise, the AUV has already covered the whole mapping area and this behavior outputs this event W_n to the supervisor.
TracklineFollowing(T):
This behavior calls the PathFollowing guidance function, to steer the AUV to follow the trackline computed by the WayPoint behavior. If the AUV detects the plume tracer when following the trackline, then the AUV saves the first tracer detected location as FTDL, and outputs the tracer detected event T_d to the supervisor. If the AUV has followed the trackline for a predefined distance T D without tracer detection, then it outputs this event T_n to the supervisor. Otherwise, if the AUV has followed the trackline to the boundary of the mapping area, then this behavior outputs this event T_e to the supervisor.
PlumeMapping(M):
This behavior calls the PathFollowing guidance function, to steer the AUV to follow a radial whose origin is the FTDL and direction is θ is a design parameter. If the AUV detects the tracer, then it saves this location as FTDL, and outputs this event O_s to the supervisor. Otherwise, if the AUV has followed the radial for a predefined distance O D without tracer detection, then this behavior outputs this event O_n to the supervisor.
ReTrack(R):
This behavior steers the AUV to re-follow the last trackline. It calls the PathFollowing guidance function to steer the AUV to follow a radial whose origin is the AUV current location and direction is the opposite direction of the last trackline. If the AUV detects the tracer during its following, it saves this tracer detected location as the FTDL and outputs this event R_s to the supervisor. If the AUV has followed the trackline for a predefined distance R D without tracer detection, then this behavior outputs this event R_n to the supervisor. If the AUV has followed the trackline to the boundary of mapping area, then this behavior outputs this event R_e to the supervisor. Otherwise, if the AUV has executed the ReTrack behavior for successive R N times, then this behavior outputs this event R_t to the supervisor.
ReturnHome(H):
This behavior is the homing behavior, which calls the ( , ) e e GoToPoint x y guidance function and steers the AUV to the location ( , ) e e x y from the current location. When the AUV has reached ( , ) e e x y , this behavior outputs this event H_s to the supervisor.
MissionEnd(E):
The AUV has completed the mapping mission, and this behavior outputs this event E_s to the supervisor and keeps the AUV near the ( , ) e e x y waiting for recovery. Fig. 2 shows the behavior switching logic of the adaptive lawn-mower plume mapping strategy. The supervisor for this strategy is the finite state automaton designed based on this behavior switching diagram. 3 shows a simulation run of the adaptive lawn-mower plume mapping performed in the simulation environment. In this simulation, the planning and motion control cycles of the AUV are set as 1 s and 0.1 s respectively; and the flow and plume sensors are assumed to be ideal with sampling rate 10 Hz. In this mission, the mean flow direction is right and is known a priori. The mapping area is set as [100 1800 -900 -100] m; and the AUV speed is set as 2.5 m/s. The AUV first initializes the parameters at (1990, -990) m and then switches to GoToMappingArea, which navigates the AUV within 5 G R = m of the mission starting location (1800,-900) m, then switches to WayPoint behavior, which computes the starting point and end point of the first trackline as (1800, -900) m and (1800, -100) m respectively based on the mapping area. Then the AUV switches to TracklineFollowing behavior to follow this trackline. If the AUV follows the first trackline to the boundary of the mapping area without tracer detection, then the AUV has crossed the plume because of the plume's intermittency, the AUV switches to ReTrack behavior to re-map this trackline until the tracer detection, at which location the AUV switches to the PlumeMapping behavior. Also considering the plume's intermittency, if the AUV doses not detect the tracer during its mapping, it does not mean that the AUV has left the plume, thus the AUV switches to PlumeExploring behavior which further explores the plume for m without tracer detection, it may have crossed the plume without tracer detection because of the intermittency, or the AUV has been upflow from the plume source. In the first case, the AUV switches to the ReTrack behavior to re-map the plume. In the later case, if the AUV uses the ReTrack behavior to explore this trackline for 3 R N = times without tracer detection, then the AUV declares that it has been upflow from the source, and the mapping mission completed. After that the AUV switches to ReturnHome behavior to go back to the recovery location.
If we use the same behaviors and design the supervisor based on the behavior switching diagram shown in Fig. 4 , then we can get the control strategy for pre-planned lawn-mower. 5 shows an example of this strategy performed in the simulation environment. In this mission, when the trackline computed by the WayPoint behavior is outside of the mapping area which means that the AUV has already covered the whole mapping area, then the AUV switches to ReturnHome behavior to go back to the recovery location.
V. EXPERIMENTAL SETUP
The field experiments were conducted in Dalian Bay, China, in August 2010. The water depth at the experimental site is about 8-9 meters. The sea surface was nearly calm with weak wind waves. The fluid flow in this site was tidal current dominated, and during the mapping experiments, the maximum flow speed was 16 cm/s which is estimated via the data collected by the Doppler Velocity Log (DVL) equipped on the AUV. There is no existing plume for the AUV to map; therefore we pumped rhodamine dye into the sea water through a wound plastic pipe. The pump was placed on a small boat and the source was submerged at 1.5 meters below the sea surface whose size is about 1 m×0.5 m. The release rate of the rhodamine dye is about 1-2 g/min, and then the dye was transported by the current and formed a turbulent plume as shown in Fig. 6 . The AUV used in the experiments is shown in Fig. 7 , which is a small vehicle developed in Shenyang Institute of Automation, Chinese Academy of Sciences. In addition to the navigation sensors, the vehicle was equipped with an underwater fluorometer to detect the rhodamine dye, whose sample rate was set as 10 Hz, and a DVL to measure the AUV velocities relative to the sea bottom and the reference water layer which is 2 m below the sensor head, and the DVL's sample rate was set as 2-3 Hz. During the experiments, the position of the vehicle was obtained by dead reckoning, and the planning and control cycles of the vehicle were set as 1.0 s and 0.1 s respectively.
VI. EXPERIMENTAL RESULTS
We made several experiments on these plume mapping strategies; in this section we give two of the experimental results as examples. Fig. 8 shows a plume mapping experimental result of the pre-planned lawn-mower strategy. In addition to verify the AUV control system and the control strategy, another purpose of this experiment is to collect fluorometer sensor data for analysis of the characteristics of the sensor noise. Fig. 8 shows the AUV trajectory, on which the color demonstrates the rhodamine concentration (darker color means higher rhodamine concentration). In this mission, the mapping area was set as [10 80 -50 50] m, which is defined in a local coordinate system (the origin is near the plume source and the positive x direction is with the downflow direction), and the leg L was set as 10 m. The vehicle was launched at [10 -50] m, and then mapped the plume along the downflow direction. The mean AUV speed and depth were 0.5 m/s and 0.8m respectively, and the mission time was 1630 s. Fig. 9 shows the time series plot of the recorded fluorometer sensor data. The output range of the fluorometer sensor is 0-5 VDC, and in our setting the 5 VDC corresponds to 10 ppb. As shown in Fig. 8 , there exists noise in the sensor data, which is originated from the hardware of the vehicle's fluorometer data sampling subsystem and the sensor itself. Fig . 11 shows the time series plot of the recorded fluorometer data, and Fig. 12 shows the time series plot of the flow speed and direction. Because in these experiments, we compute the flow speed and flow direction from the AUV velocities relative to the sea bottom and a reference water layer respectively, thus the computed per sample result is noisy and it is necessary to filter the data. Therefore, we average the computed date of last 100 s to obtain the meaningful flow speed and flow direction as shown in Fig. 10 and Fig. 12. From Fig. 10 , we can see that the plume development is consistent with the computed flow direction, which validates our approach.
VII. CONCLUSION
This paper has described an AUV behavior-based control system for adaptive mapping of a turbulent plume and presented successful field experimental demonstration on a small AUV. As this is the first time we use this vehicle to perform turbulent plume mapping missions in near shore ocean environment, the mapping area was not large enough to cover the plume's far field. However, the data collected reflect the basic characteristics of the plume, flow and AUV environmental sensors, and the experimental results are sufficient to validate our control system. For the application of the control system to adaptive mapping of deep-sea hydrothermal non-buoyant plumes, there are some issues such as the on-line processing method of the hydrothermal plume sensor data and the selection of AUV behaviors' parameter values need further study. In our following research, we will work on them and designing of behavior-based control systems of AUVs for adaptively mapping buoyant plumes and multiple plumes based on the described control architecture.
